Experiments with hybrids (Dickinson 1980; Dickinson et al. 1984; Nielsen et al. 2000) offer an unparalleled opportunity to uncover regulatory incompatibilities that may be overlooked in conventional comparisons of the gene-expression profile between species, owing to compensatory changes that may obscure the existing interspecific differences Rifkin et al. 2003) . The reason for this is that different genetic changes, fixed independently in the lineages of the species, may result in a qualitatively and quantitatively similar modification of the level of gene expression relative to the ancestral state, and hence, to one another. In the genetic background of interspecific hybrids, however, these changes may no longer compensate, and the lack of genetic coadaptation will be observed as anomalies in the levels of gene expression.
Interspecific hybrids in Drosophila display diverse types of abnormalities affecting primarily the reproductive system rather than the soma, which usually result in complete sterility (Sturtevant 1920; Bonnier 1924; Kerkis 1933; Civetta and Singh 1998; Hollocher et al. 2000) . These abnormalities reflect deleterious genetic interactions as a consequence of independent, noncoordinated changes (Ludwig et al. 2000; Shaw et al. 2002) accumulated between the two gene pools in the absence of gene flow (Dobzhansky 1936; Muller 1942) . Some of these changes affect gene regulation (Orr et al. 1997; Skaer and Simpson 2000; Barbash et al. 2003) and may have played a major role in the species evolution (Dickinson and Carson 1979; Dickinson 1980; Kopp et al. 2000; Sucena and Stern 2000; Wittkopp et al. 2002; Sucena et al. 2003) . In the hybrids, both allometric differences relative to the parental species and divergence in gene regulation will appear as anomalous patterns of gene expression, which will be reflected as aberrant levels for the affected mRNA species (Dickinson et al. 1984; Skaer and Simpson 2000; Barbash et al. 2003) .
Naturally occurring hybrids between Drosophila melanogaster and Drosophila simulans have been reported (Sperlich 1962) , although the lineages that led to these species diverged in Africa ∼2.5 million years ago (Mya; Lachaise 1988) . The females of these two species are externally indistinguishable, whereas the hybrid females display minor morphological defects in addition to severely reduced gonads (Sturtevant 1919 (Sturtevant , 1920 Hollocher et al. 2000) , whose absence is compensated by hypertrophy of the fat body (Dickinson et al. 1984) . In this study, we have used cDNA microarrays to determine how the abnormalities in the hybrid females that arise as a result of interspecific genetic incompatibilities are reflected in the gene-expression profile of the hybrids versus those of the parents. We have found that a remarkable fraction of the Drosophila transcriptome shows a significant effect.
On the other hand, many of the regulatory aberrations observed in the interspecific hybrids can be related to genes that show a sex bias in their expression. An estimated 30%-50% of the Drosophila transcriptome shows sex-biased expression (Jin et al. 2001; Arbeitman et al. 2002; Parisi et al. 2003; Ranz et al. 2003) , and sex-biased genes (especially male-biased genes) evolve exceptionally rapidly (Carson 1985; Coulthart and Singh 1988; Civetta and Singh 1999; Wu 2001; Meiklejohn et al. 2003; Michalak and Noor 2003; Ranz et al. 2003) . Population theory and experimental work predict that, as the regulation of male-biased genes evolves so rapidly, interspecific hybrids might be expected to exhibit greater regulatory incompatibilities for those genes than for other classes of genes. In the interspecific hybrid females, we have found that male-biased genes, as compared with genes that are not sex-biased, are preferentially overexpressed in comparison with the parental species.
RESULTS AND DISCUSSION
We compared the gene-expression profile for the whole body of the three female genotypes through 21 competitive mRNA hybridizations, and controlled for the effects due to atrophied gonads with 12 additional competitive hybridizations using head mRNA (Fig. 1) . Relative levels of gene expression were estimated by means of a Bayesian procedure (Townsend and Hartl 2002; Supplemental Tables 1 and 2 available online at www.genome. org), and the robustness of the results tested in parallel with a mixed-model ANOVA (analysis of variance; Wolfinger et al. 2001; see Methods) . Substantial differences in gene expression among the three female genotypes were found both for the whole-body experiments and for those using heads only (Fig. 2) . Altogether, ∼89% (3965/4450) of the elements in the whole-body comparisons and ∼54% (2507/4448) of the elements in the head comparisons were significantly different in at least one pairwise comparison. Various factors contribute to the greater number of differences detected with whole-body mRNA as compared with head mRNA. First, the comparison of the expression profile using whole-body mRNA is affected more by the allometric differences between the hybrid females and the females of D. melanogaster and D. simulans than the experiments using head mRNA only (see below). Second, the level of replication and some methodological aspects are different (Methods). Overall, the remarkable number of significant differences in mRNA abundance emphasizes the breakdown of regulatory mechanisms resulting from incompatibilities acquired during the ∼2.5 Mya divergence between the transcriptomes of the females of D. melanogaster and D. simulans.
In contrast to the expression profiles of the heads, in which the hybrids are often intermediate between the parental species ( Fig. 2) , pairwise comparisons for the whole body indicate that the parental species are often more similar to each other than either is to the hybrid. Females of the parental species show significant differences for 43.7% (1946 array elements) of their transcriptome, whereas the number of differences for the comparisons D. melanogaster-hybrid and D. simulans-hybrid is 79.5% (3573 elements) and 78.1% (3475 elements), respectively. Two main patterns of misregulation in hybrid females are evident in the whole-body experiments (Fig. 3) . The first involves a reduced abundance of transcript in the hybrid for 1772 elements, and the second involves an overabundance of the transcript in the hybrid for 1311 elements. Illustrative examples are shown in Figure 4 . In both cases, we find that the magnitude of the difference in mRNA abundance is greater than twofold for approximately one-third of the genes that show statistical significance (Suppl. Fig. 1 ). Overall, 69.3% of the assayed transcriptome of D. melanogaster and D. simulans displays misregulation in the hybrid females, resulting in either overexpression or underexpression relative to the females of both parental species. An additional 10.9% (487 elements) displays simple dominance, in which the level of expression equals that of one of the parental species. In this case, there is a slight but nonsignificant tendency for the D. simulans level of expression to be dominant (G = 3.5, d.f. = 1, P = 0.06). Unexpectedly, only 1.4% of the genes (62 elements) show an intermediate level of expression relative to those in the parental species.
Using the currently available functional annotation of the Drosophila genome, we performed a systematic analysis of the underexpressed and overexpressed genes to group the misregulated genes into major functional categories. Underexpression of genes in the hybrid is highly correlated with the process of oogenesis (Table 1 for some examples and Suppl. Table 3 for detailed list), which is consistent with the profound reduction of germ-line tissues in the atrophied ovaries of the hybrid females (Sturtevant 1920; Hollocher et al. 2000) . Because most femalebiased genes are inferred to be expressed preferentially in the gonads (Arbeitman et al. 2002; Parisi et al. 2003) , it is expected that the majority of female-biased genes will be underexpressed in their hybrids. Accordingly, we examined those genes classified previously as female-biased in gene expression both in D. melanogaster and D. simulans using the same array platform . Among 1194 genes considered female-biased under conservative criteria (Table 2) , 84.7% show underexpression in the hybrid females, 0.7% overexpression, and 14.6% other patterns (G adj = 1052, d.f. = 2, P = 3.2 ‫ן‬ 10
‫922מ‬
). In good agreement with the expectation, only 1.2% of the female-biased genes that are significantly underexpressed in the whole-body comparisons are also significantly underexpressed in the heads.
Among overexpressed genes, the functional classes that stand out include genes involved in diverse metabolic pathways (Table 1 for some examples, and Suppl. Table 4 for detailed list), some fraction of which reflects the hypertrophy of different tissues, the fat body in particular, which allometrically compensates for the minute gonads (Dickinson et al. 1984) . The fat body serves as a nutritional reservoir and also acts as an endocrine organ involved in the innate immune response in insects (Miller et al. 2002) , which is also consistent with certain functional classes of genes that are found to be transcriptionally enriched. On the other hand, overexpressed genes exhibit a nonuniform association with the reported patterns of gene expression by sex (Jin et al. 2001; Arbeitman et al. 2002; Parisi et al. 2003; . In particular, a disproportionate number of overexpressed genes in hybrid females are male-biased in expression in both D. melanogaster and D. simulans, relative to genes without sex bias . Accordingly, we found an excess over expectation of four times more male-biased genes than nonsexbiased genes, and this ratio increases to eight when only genes with a difference in expression above twofold are considered (Table 2) . Among 938 genes classified as overexpressed under conservative criteria (Table 2) , 518 are male-biased in their expression in both parental species as against a random expectation of 367, whereas 420 show no sex bias in the parental species as simulans, and hybrid females. Twenty-one hybridizations were carried out with mRNA from whole flies (solid arrows) and 12 with head-specific amplified mRNA (dashed arrows). Arrowhead, sample labeled with Cy5; base of arrow, sample labeled with Cy3. Each comparison was replicated six times for whole-fly mRNA and four times for head mRNA. Three self-self hybridizations were also carried out for the whole-body experiment. The resulting experimental design was balanced for dyes and samples.
against a random expectation of 571 (G adj = 98.9, d.f. = 1, P = 2.6 ‫ן‬ 10
‫32מ‬
). Examples of this tendency are sxe2 (Fig. 4D) and to, which are genes preferentially expressed in the brain of males, and have an important role in sexspecific behavior (Dauwalder et al. 2002; Fujii and Amrein 2002) .
Although additional, systematic tissue-specific analysis would be informative, even experiments with whole-body mRNA compared with head mRNA demonstrate variation in the breakdown of the expression network across tissues. Many of the underexpressed genes in whole-body mRNA experiments can be attributed to allometric differences associated with the atrophy of the ovaries, which may result from the early failure in development of a few key genes. Nevertheless, in the case of the overexpressed genes in the hybrids, allometric differences alone are not enough to account for the disproportionate fraction of overexpressed genes in body tissues that are male-biased in their expression. Two, not mutually exclusive causes can explain the observed pattern for this class of genes. First, there could be a general breakdown of the regulatory mechanisms that normally act to repress excess transcription of male-biased genes in females. Alternatively, some regulatory factors may have a dominant, collateral enhancement on the expression of genes from the other species.
Unless hybrid-rescue mutant strains are used (Hutter 1997 (Reiland and Noor 2002) . For the first pair, hundreds of genes were found to be misregulated in the hybrid males relative to the parental species. In that group of genes, those related with male reproduction appear to be more common, and in contrast with the results of the present findings in females, underexpression seems to be rule. This same pattern of misregulation was also found for one male-specific gene in the hybrids of D. pseudoobscura-D. persimilis (Reiland and Noor 2002) . The fact that females were analyzed in the present study, that all the species pairs examined represent different phylogenetic distances, and that there are some methodological differences in the comparisons might account for the somewhat different patterns of misregulation found in the different studies.
The present results between D. melanogaster and D. simulans agree with the results obtained in hybrids of more recently diverged species (Reiland and Noor 2002; Michalak and Noor 2003) , supporting the inference that malebiased genes are preferentially affected by regulatory meltdown resulting from genetic incompatibilities between species. These results serve to emphasize the importance of rapid evolution of male-biased genes in the divergence between species and the acquisition of reproductive isolation (Singh and Kulathinal 2000; Wu 2001 ).
METHODS Flies
D. melanogaster Canton S and D. simulans Sim-1 inbred strains were maintained at 25°C on glucose-cornmeal-yeast medium. Males and virgin females were collected for the interspecific and conspecific crosses. All crosses were performed at 18°C using seven to eight individuals from each sex. Virgin females from the parental species, as well as hybrid females were stored separately for 5-6 d at room temperature and then snap frozen in liquid nitrogen invariably at the same time of the day in a time window of 2 h. For each cross, two independent cohorts were used as the source of mRNA.
cDNA Microarrays
Microarrays based on the Drosophila Gene Collection version 1.0 of expressed sequence tags (Rubin et al. 2000) were constructed as described in Ranz et al. (2003) . A total of 4776 clones were appropriate for analysis. The suitability of the D. melanogaster cDNA microarrays to compare the expression profile of closely related species of the melanogaster species subgroup has been demonstrated by competitive hybridizations using genomic DNA (Ranz 
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mRNA Extraction, Hybridizations, and Imaging
The mRNA extractions were carried out from adult female progeny of two independent sets of crosses grown and collected at different times in order to incorporate among-culture variation into the hybridizations. The extraction procedure was as described in Ranz et al. (2003) . For head-specific mRNA, we used an amplification technique resulting in linear increase in the amount of each mRNA in the sample (Baugh et al. 2001) . Several amplifications using one or two heads each were carried out and pooled. Apart from the extraction technique, the only difference between the experiments was the amount of mRNA hybridized, 2 µg in the case of mRNA from the whole body and 3 µg in the case of mRNA from the amplification of heads. Hybridizations and imaging were done as in Ranz et al. (2003) . Raw microarray data is available at the Gene Expression Omnibus database (Edgar et. al. 2002) under accession nos. GSM14975-GSM15007.
Data Analysis
Relative level of expression of each gene in each competitive hybridization was estimated using the ratio between the fluorescence intensity of the channels for the corresponding array element. A Bayesian method (BAGEL, software version 2.4; Townsend and Hartl 2002) was used to estimate the mean expression level and 95% credible interval for each gene. BA-GEL assumes that the ratio of normalized expression levels in any hybridization is distributed as the ratio of two suitably truncated normal distributions. A difference in level of gene expression was judged to be statistically significant if the 95% credible intervals of the estimates failed to overlap. Ten independent Markov chain Monte Carlo trajectories were simulated per gene. A comparison of gene-expression levels was regarded as statistically significant only if the 95% credible intervals were nonoverlapping in at least 9 of the 10 trajectories. Among the 4450 elements meeting this criterion, 99.8% of the significant differences showed nonoverlapping credible intervals in all 10 trajectories (those referred to as consistent in Suppl. Table 1 ). To estimate the rate of false positives, we created 10 independent data sets by randomizing with replacement the expression ratios for each gene across hybridizations. These randomized data sets were analyzed with BAGEL. On average, among 4745 elements tested, 248.2 ‫ע‬ 15.2 (5.2% ‫ע‬ 0.3%) were statistically significant under our criterion of nonoverlapping 95% credible intervals.
To evaluate the robustness of the analysis, we also carried out a two-step mixed-model analysis of variance (Jin et al. 2001; Wolfinger et al. 2001 ) and obtained similar results. In the first step, log 2 -transformed raw fluorescent intensities were centered to the mean of each hybridization by capturing the residuals after fitting dye, array, and array by dye interaction effects. These relative fluorescence intensities were then subject to gene-specific models with Genotype (melanogaster, simulans, or hybrid) and Dye as fixed terms, and Array as a normally distributed random effect (to control for correlation between dyes on each array). Pairwise differences among parental species and hybrids were computed with the Diffs option in PROC MIXED in SAS Version 8.0 (Cary, NC).
Comparison of the classification of the genes at different significant threshold probabilities indicated that the number of spots with exactly the same relationships at expression level among the three female genotypes, and therefore occupying the same cell in Figure 2 , was 65.2% at P < 0.05, 67.5% at P < 0.01, and 69.5% at P < 0.001 (for example, see Suppl. Table 1 for P < 0.01). For those spots that differ in their classification between methodologies, most differences were between adjacent cells in Figure 2 , that is two of the three pairwise relationships among the different females were coincidental. Dramatic changes, such as being classified as overexpressed by one methodology and as underexpressed by the other were infrequent. For example, at P < 0.01, and according to the number of coincidences in the way a gene is classified for the three comparisons performed, the results are 3003 array elements with three coincidences, 1118 elements with two coincidences, 319 elements with one coincidence, and 10 elements with no coincidence (the number of coincidences is corresponded to the nomenclature used for classifying the elements on the array in Suppl. Table 1 , namely, "identical", "similar", and "discordant", respectively). The disparities found may stem from the different underlying assumptions of the statistical frameworks. Whereas both methods model the variance of each gene independently, the Bayesian 
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www.genome.org methodology used does not necessarily assume that the variance at the level of gene expression is the same for all of the nodes (samples) under comparison, whereas the mixed-model analysis of variance does so and uses a centering step to control for dye and array effects. Yet, the relative number of array elements found to exhibit one particular pattern of expression among the three female genotypes is not affected by those few disparities. Accordingly, the product-moment correlation coefficient between both statistical frameworks in the number of array elements assigned to each of the categories in Figure 2 was r = 0.97, P = 1.0 ‫ן‬ 10 ‫11מ‬ at P < 0.05; r = 0.98, P = 3.9 ‫ן‬ 10 ‫31מ‬ at P < 0.01; and r = 0.98, P = 1.5 ‫ן‬ 10 ‫31מ‬ at P < 0.001.
Functional Analysis
Significant overrepresentation of particular functional categories among differentially expressed genes was determined using the software GeneMerge with corrections for multiple tests (CastilloDavis and Hartl 2003 Tables 3 and 4) . Given the found rate of false positives, we only considered genes whose under-or overexpression in the hybrid females in relation to both parental species was significant at P < 0.01 by both the Bayesian methodology (Townsend and Hartl 2002) and the mixed-model ANOVA , that is, 1419 underexpressed genes and 1214 overexpressed genes after removing redundancy from duplicated clones, controls, and few clones with no FlyBase qualifier. Before the slash, percentage of genes regardless of the level of misregulation in the hybrid in relation to the parental species; after the slash, percentage of misregulated genes with a difference in gene expression >2. In parenthesis, difference between the observed and the expected percentage of genes in each category according to its reported representation on the array : female-biased (39.5%); male-biased (23.8%); nonsex-biased (36.7%). Classification in one particular category involves that the same tendency was found for both D. melanogaster and D. simulans. Differences in expression between the hybrid and the parental species must be significant at P < 0.01, both with BAGEL and with the mixed-model ANOVA, for a gene to be included in the analysis. Also, only genes from Ranz et al. (2003) regarded here as consistent (see Methods) are included in the analysis. Number of underexpressed genes = 1194; number of overexpressed genes = 948; number of underexpressed genes above twofold = 603; number of overexpressed genes above twofold = 383. The publication costs of this article were defrayed in part by payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
